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Abstract: We report on the frictional properties of epitaxial graphene on SiC in ultra high vacuum. Measurements 
have been performed using a microtribometer in the load regime of 0.5 to 1 mN. We observed that a ruby 
sphere sliding against graphene results in very low friction coefficients ranging from 0.02 to 0.05. The friction 
and also the stability of the graphene layer is higher than that under similar conditions in ambient conditions. 
The friction shows a load dependence. Finally it was found that graphene masks the frictional anisotropy which 
was observed on the SiC surface. 
 




1  Introduction 
The reduction of friction and wear is a very active 
field of research both at the macro and at the 
micro-nanoscale [1]. A traditional way employed in 
mechanical engineering to reduce friction and wear is 
to apply liquid or a solid lubricant but a lubricant 
used at the macroscale will hardly be useful at the 
micro or the nanoscale. So the need for a specificity 
of the lubricant or lubrication technique is still a big 
issue in the tribology of micro- and nano-positioning 
as well as in micro-electromechanical systems (MEMS). 
Therefore the goal remains to avoid failures of com-
ponents by means of coatings, lubricants or surface 
alteration. Although many studies have already been 
published the two worlds are still far from being 
connected. 
The dependence of tribological mechanisms on the 
environmental conditions complicates the situation 
even more [2, 3]. Lubrication of sliding surfaces in 
vacuum (i.e., in space or in vacuum chambers) requires 
a completely different approach. Liquid lubricants or 
vapour lubrication cannot be used without constraints. 
On the other hand layered materials like graphite 
and MoS2 can be exceptional lubricants if used in the 
right environment [4−7]. Graphite is a good lubricant 
in air but is known to be a poor one in vacuum [4]. 
MoS2 is used in space applications for its good 
properties in vacuum and dry atmosphere but it is 
inadvisable in humid environment unless it is doped 
with metals or nanocomposites [5−7]. 
The search for a new material that can be a good 
lubricant at different scales and in different applications 
and environments is therefore quite active. In this 
context the studies on graphene seem to show 
promising results. In the last few years graphene has 
been studied intensively in different fields of science 
and technology because of its physical and mechanical 
properties [8−11]. Also tribological properties of gra-
phene have been investigated in several studies at the 
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macro, micro and the nanoscale [12−19]. The frictional 
behavior of single and double layer graphene has 
also been investigated theoretically [20]. Except for 
nanoscale experiments these studies have been per-
formed in ambient conditions at atmospheric pressure. 
In a previous study, we also showed that graphene 
epitaxially grown on SiC reduces the friction coefficient 
μ about 5 times with respect to the substrate and it  
is lower compared to graphite [21]. These results 
were obtained in ambient conditions and at room 
temperature. Since graphene is the basic building 
block of graphite it is interesting to also investigate a 
possible environmental dependence of the friction 
coefficient of this material. Lee et al. has shown that 
the friction coefficient of exfoliated graphene in different 
environments measured by friction force microscopy 
(FFM) drops when the material is measured in dry 
environment [16]. However to our knowledge the 
microscale friction of epitaxial graphene in ultra high 
vacuum has not been investigated up to now.  
In this work we present friction experiments using a 
homebuilt ultra-high vacuum (UHV) microtribometer 
on epitaxially grown graphene [22]. We show that 
unlike bulk graphite, few-layer graphene can result 
in a significant reduction of friction in vacuum and 
therefore might allow the use of this material for 
space applications. 
2 Experimental details 
2.1  Graphene samples 
For the reported tests a commercial SiC-6H (0001)  
(Si face, Si crystal AG, Erlangen, Germany) surface 
prepared by hydrogen etching was used [21]. Figure 1 
depicts a topography image measured by atomic 
force microscopy (AFM) of the substrate. It shows 
that the surface has atomically flat terraces extending 
for several micrometers. The height of the steps is a 
multiple of half of the unit cell of SiC–H (see Fig. 1(a)).  
A graphene sample was received from the group  
of Thomas Seyller, University of Erlangen (now 
Chemnitz), that has been epitaxially grown on the Si- 
terminated SiC (0001) surface. The layer was obtained 
by thermal decomposition of the SiC surface as 
decribed in Emtsev et al. [23]. Figure 1(b) shows the 
surface of the graphene layer. The atomically flat terrace  
 
Fig. 1 (a) AFM topographic image of a SiC (0001) surface (frame 
size 20 µm by 20 µm). (b) graphene layer growth on SiC (0001) 
surface (frame size 20 µm by 20 µm) measured by means of AFM 
(PI Topometrix Explorer with commercial Si tip). The profiles 
reported both in (a) and (b) show the height of steps. On SiC steps 
range from 0.75 nm (half the unit cell of SiC–H) to a few nm 
while on graphene steps are about 1 nm. 
structure of SiC is still present; the main difference 
with the substrate structure is the curved profile of 
steps. This is probably due to the presence of a second 
graphene layer along the steps. According to Emtsev 
et al., the growth process starts at the edge of steps 
and when a layer is complete a second one is already 
growing beneath the first [23]. The graphene growth 
procedure is optimized in order to obtain a single 
layer on the terraces and can be precisely controlled 
by the deposition time [23]. 
Besides the graphene single and bilayer at the step 
edges all surfaces prepared with this technique exhibit 
a carbon-rich buffer interlayer between SiC surface and 
graphene layer. This interface layer has a graphitic 
6√3 × 6√3 structure and it is covalently bound to the 
SiC substrate [23]. The graphene layer on top of the 
interface layer has no covalent bonds to the substrate 
[24]. Since the interaction between graphene and 
solvents is not completely clear the samples were not 
cleaned. Previously we also found no evidence of 
contamination along several weeks of tests in air [21]. 
2.2 Counter face and tribometer set up 
As counter face we used a commercially available ruby 
ball with a diameter of 500 μm (www.spherotech.com) 
that was also used in previous experiments in air. The 
RMS roughness of the spheres was previously measured 
to be 11 nm on a scale of 5 μm leading to a multiple 
asperities contact as confirmed by Wählisch et al. [25]. 
Friction experiments have been performed by means 
of a custom made UHV microtribometer. Details of 
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the instruments are described in Ref. [22]. The mea-
surements were performed with a constant applied 
load and a sliding length of 100 μm. Since each 
measurement consisted of a sequence of reciprocating 
cycles the friction force FF was determined as the 
average of the lateral force over one complete cycle  
FF = (Ftrace – Fretrace)/2. Data from the beginning and 
from the end of the track related to the transition 
from static to kinetic friction were omitted. 
Normal loads and speed for these experiments are 
summarized in Table 1. We used normal loads of 0.5 
and 1.0 mN and speeds of 30 and 50 μm/s for this study.  
The residual pressure in the UHV chamber during 
experiment was approx. 10−7 Pa. By rotating the sample 
inside the chamber we investigated the dependence 
of friction on the sliding direction (friction anisotropy) 
as reported below. 
Table 1 Load and speed conditions of performed tests. 
Friction test conditions 
Load (mN) Speed (µm/s) 
0.5 30 
1.0 50 
3 Results  
3.1 Friction as a function of load on graphene and 
on SiC 
Friction data obtained from the experiments are plotted 
in Fig. 2. The plotted values are the average of all the 
results obtained at the different loads during several 
experiments. The error bars represent the deviations 
of the friction coefficient values between the tests. 
The measured friction coefficients as a function of 
sliding cycles and normal load for SiC and graphene 
are plotted in Fig. 2. The friction of the ruby sphere 
sliding on graphene in vacuum is about 5 to 8 times 
lower than that measured on a SiC single crystal. The 
friction coefficient of SiC strongly depends on the 
applied load and it increases during the tests. As 
visible in Fig. 2 the friction coefficient decreases from 
0.42 to 0.35 at a load of 0.5 mN and from 0.30 to 0.22 
at a load of 1 mN. The change is quite fast in the first 
40 cycles but after this first period of sliding μ decreases 
at a lower rate (asymptotic behaviour).  
 
Fig. 2 Evolution of the friction coefficient on SiC (red) and 
graphene (black) as function of cycle number for two applied 
loads 0.5 to 1 mN. Each data point was calculated by averaging 
single friction values obtained during several tests at the different 
loads. The error bars represent the standard deviation of the values. 
The friction coefficient µ is correlated with the applied load. 
Indeed both SiC and graphene (with a smaller rate though) show 
higher friction coefficient at lower applied load. 
Differently from Fig. 2, the values reported in Fig. 3(a) 
were obtained during each test, i.e., not averaged over 
several tests. The friction coefficient was determined 
as the average of the lateral force over one complete 
sliding cycle divided by the applied load following 
the same procedure used in our previous work [21]. 
A section of 10 μm of data has been cut off at the 
beginning and at the end of each track in order to omit 
data from the transition from static to kinetic friction. 
In this graph a similar load dependency of SiC can be 
seen for graphene (Fig. 3(a)). The friction coefficient 
of graphene obtained at 0.5 mN of applied load is 
about 0.04 and it is higher than that obtained at 
1.0 mN which is 0.015. Although both samples show 
the same load dependency, the evolution of the friction 
coefficient of graphene is completely different. In this 
case μ starts at values of about 0.005 and rises quickly 
during the first 10 to 20 cycles to about 0.015 at a load 
of 1 mN and to 0.035 at a load of 0.5 mN. After the 
first running-in period at FN = 1 mN the friction 
coefficient μ tends to decrease to a slightly lower value 
and after 80 cycles it stabilizes. This long term oscillation 
is not visible at FN = 0.5 mN. Instead at this load μ 
reaches a “plateau” after 20 cycles and it stays stable 
for the remainder of the experiment. 
The difference between values of μ on graphene 
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obtained in UHV and those obtained in air [21] is 
shown by the area marked by dashed lines in Fig. 3(a). 
The friction coefficient measured at FN = 1 mN in 
ultra-high vacuum is significantly lower than that 
measured in air, which is quite surprising. The largest 
difference is found during the first cycle of each 
experiment. Indeed, independent of the applied load 
the tests show a friction coefficient of about 0.005. 
This value is 4 times lower than those obtained in air 
(μAir = 0.02) [21]. 
Following the approach reported in our previous 
paper we calculated so-called “triboscopy images” of 
the friction data (Fig. 3(b)). This represents the spatial 
variation of the friction coefficient along the sliding 
track as a function of cycle number. As already seen  
 
Fig. 3 (a) Friction coefficient of ruby against graphene grown on 
SiC. Tests were performed at two different loads: 0.5 mN (black 
squares) and 1.0 mN (empty squares). The red dashed lines on the 
right side of the graph show the range of the results obtained on the 
graphene measured in air in our previous work [20]; (b) Triboscopy 
map. Each data point represents a spot of about 0.1 μm length. The 
data were recorded with an applied load of 1.0 mN. Big portions of 
the graphene layer maintain low friction along the entire experiment 
of 90 cycles. 
in the experiments in air [21] we can notice patches of 
graphene standing intact in the wear track for the 
entire measurements. However, a first difference with 
previous results is that patches are larger. In ambient 
conditions we found that areas were about 2 to 5 μm 
large while here patches extend to almost 10 μm. 
Besides the size of the spots with unchanged friction 
coefficient also the density of these spots is higher. As 
can be seen in Fig. 3(b) the entire right side of the wear 
track maintained low friction and thus low wear along 
the entire experiment. Towards the end of the experi-
ments, areas with low friction still span several tens of 
microns reducing the final average friction coefficient. 
The triboscopy map presented in Fig. 3(b) was obtained 
from one particular test but the reliability of the 
method is confirmed by the values reported in Fig. 3(a). 
Each data point plotted in Fig. 3(a) is obtained by 
averaging the values of a single cycle (one line of a 
triboscopy image). This means that the position of the 
patches or their dimension can slightly change from 
one test to the other (and the triboscopy will then be 
different), yet the average behavior is consistently 
pertained. This is underlined by the fact that all of the 
curves reported in the graph follow the same trend 
and are concentrated in a small range. 
3.2 Friction of graphene and of SiC as a function 
of sliding direction 
In order to explore and to compare possible friction 
anisotropy, the same measurements were performed 
in different directions with respect to the steps direction 
(see Fig. 4) both on SiC and on graphene. On SiC two 
directions marked as direction A (across the steps) and 
direction B (along the steps) were investigated. The 
friction coefficient obtained sliding in direction A stays 
around 0.25 and is about 2 times higher than that 
obtained sliding along the steps (μ = 0.1).  
On graphene we performed tests in three different 
directions marked A, B and C. Direction A is approx. 
45 degrees to the step edges, B is perpendicular and 
C is parallel to the edges. Along all of the three 
directions we obtained the same values of friction and 
the same behavior. After the first cycle at about 0.006 
the friction coefficient rises to 0.011 and then it stays 
almost constant for the rest of the experiment. 
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A further analysis of the friction loops shows that 
steps of the substrate influence the interaction between 
the sphere and the sample surface (see Figs. 5 and 6).  
Sliding on SiC (Fig. 5) in direction A, the oscillation 
in the friction force is around 10 μN while in direction 
B there is no evidence of a periodical fluctuation. The 
amplitude of the oscillations is quite constant along 
one friction loop and the distance between two peaks 
is comparable with the terrace dimension of the SiC 
single crystal. It is interesting to notice that at cycle 
number 3 the peaks are not very clear because a water 
layer might still present on the surface, while at cycle 
50 we find high oscillations. The reduction at cycle 
100 is possibly due to wear of the surface.  
On graphene (Fig. 6) some oscillations are still visible 
in the friction loops but they are not higher than 
5 μN. Differently from SiC, friction loops obtained on 
graphene show the same oscillation amplitude at cycle 
3 and 20 and a lowering at the end of the measurement 
(cycle 100) due to wear. 
4 Discussion 
We showed that a ruby sphere sliding on single layer 
of epitaxial graphene leads to a friction coefficient that 
is even lower than that obtained in ambient conditions 
[21]. Therefore single-layer epitaxial graphene/SiC 
(0001) has the potential to excellently lubricate a tribo- 
contact in the absence of air. In vacuum the friction 
coefficient reaches values of 0.01 after a start at 0.006. 
The starting value is about three times lower than what 
is seen in air tests while the steady state value remains 
5 times lower and does not show signs of deterioration 
after 100 cycles.  
Since the large reduction of the friction coefficient 
of single-layer graphene in contrast to clean SiC was 
already discussed in our previous paper [21], here we 
want to focus on the differences between the friction 
in air and UHV. Indeed besides showing a strong 
friction reduction by graphene, we also noticed that 
the single layer of epitaxial graphene measured in  
 
Fig. 4 Friction dependence on the sliding direction. (a) On SiC two different directions were analyzed as shown in the right side of the 
picture; (b) on graphene three sliding directions were measured. 









Fig. 5 Friction loops measured with a ruby sphere against SiC sliding in different directions A and B as showed in Fig. 4. Normal force 
FN = 0.5 mN. The three loops shown correspond to the 3rd, 20th and 100th cycle. The right panel shows a zoom in of the friction loop in 
direction A. 
 
Fig. 6 Friction loops sliding with a ruby sphere on graphene in different directions B and C as showed in Fig. 4. Normal force Fn =
0.5 mN. The three loops shown correspond to the 3rd, 20th and 100th cycles. The right side shows a schematic of the contact to illustrate the 
“carpet effect” of graphene (illustration is reproduced from Bennewitz et al.). 
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vacuum showed a slightly different behaviour than 
that observed in air. Instead of continuous increasingly 
values of the friction coefficient after a first running-in 
period in ambient air we observed that under UHV 
conditions μ stabilizes at a specific value after the 
running-in. This observation can be linked to the 
presence of the amount of remaining graphene patches. 
The triboscopy analysis clearly shows that the graphene 
layer gets worn along the 100 cycles. The damage is 
visible but it is limited if compared to the air tests. It 
is clear that graphene patches are larger than what 
we have previously seen in air [21]. At the same time 
damaged areas where the stable interface layer is 
exposed (left side of Fig. 3(b)) show a friction coefficient 
of 0.03 only. The above discussion of the results     
is based on measured triboscopy maps. Indeed it was 
not possible to locate the wear tracks after the 
experiments both because of the small sliding distance 
of the tribometer and because of the negligible wear 
of the SiC substrate. Because of this the search for the 
wear tracks by AFM failed and did not allow for 
topographical confirmation of the conclusions extracted 
from the triboscopy images. At the same time the 
results obtained in our previous work based both on 
triboscopy and AFM. The comparison of those experi-
ments with the present work makes us quite confident 
on the statements we make in this paper. 
We speculated in Ref. [21] that the initial running-in 
period visible in Figs. 2 and 3 can be explained by the 
high local shear stress produced by micro-asperities 
of the ruby sphere, cutting the graphene along steps of 
the SiC substrate and thereby removing flakes of the 
graphene film. Although the mean Hertzian pressure 
is quite low (few hundreds of MPa), the actual pressure 
at the asperity might reach local pressures in the range 
of Gigapascals. So the contact pressure ranges from 
few hundreds MPa (calculated with Hertz theory) to 
GPa in case of few small asperities [21].   
After this first destructive period the remaining 
patches do not sustain any further damage. This could 
be the consequence of a higher stability of these patches 
due to a lack of defects and a stronger bonding to the 
substrate in that specific area. Also it might be possible 
that in ambient conditions oxygen or water is able  
to weaken the graphene films, which speeds up the 
wear of the film once a defect is created [26]. Further 
indications that the wear of the graphene layer is 
enhanced by tribochemical effects come from molecular 
dynamics (MD) simulations that have shown that 
even contact pressures of a few GPa should not break 
the graphene layer [27]. The running-in effect cannot be 
observed on SiC because the surface is not subjected 
to wear [21]. 
In the same way we believe the improvement of 
the friction of graphene with respect to the previous 
work is due to the lack of water molecules on the 
surface of the sample and of the pin. We speculate 
that the water layer that is known to usually form on 
surfaces in air is strongly reduced in vacuum and just 
a layer of physisorbed molecules can stick to the 
surface. These residual water molecules physisorbed 
to the surface would desorb during the very first scan 
and pumped away. This lack of water also induces 
the load dependency of friction both on bare SiC and 
on graphene. 
The absence of other contaminants in the environ-
ment enhances the lubricating effect of graphene and 
maintains at a low value the friction coefficient of the 
interface layer. In fact the presence of a carbon buffer 
layer and its role in graphene lubrication were similarly 
discovered by Kim et al. for graphene grown on and 
transferred from a Ni substrate [15]. Therefore while 
the graphene layer provides extremely low friction 
coefficients for the intact surface, the stable interface 
layer assures the still favorable coefficient of friction 
after hundreds of sliding cycles.  
Another clear difference between these tests and 
those showed in air is the presence of anisotropy of 
friction on SiC that disappears when graphene is 
present. The steps of SiC produce fluctuation of the 
friction force of 10 to 15 μN (Fig. 6). This fluctuation 
is not visible on graphene in any direction (Fig. 5). 
We believe this is due to a “carpet effect” of graphene, 
meaning that the graphene layer masks the effect of 
the SiC steps. When the sphere slides on the surface 
graphene helps it in climbing up the steps. A similar 
effect was reported by Filleter and Bennewitz [14]. 
They studied the frictional properties of graphene on 
SiC by means of AFM and they noticed that the AFM 
silicon tip slides smoothly across a SiC step when this 
is covered by one or two layers of graphene (see Fig. 7 
in Ref. [14]).  
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5 Conclusions 
To our knowledge this paper is the first to report the 
frictional properties of graphene in UHV at the micro-
scale. The results were also compared with previous 
tests performed in air on the same kind of sample.  
The lubrication properties shown in our previous 
work have been confirmed with this study in UHV. 
In fact in UHV graphene shows an even lower friction 
coefficient (three times lower in the best conditions). 
Although we assume that the mechanisms that bring 
to a lubricating effect are the same presented in air 
tests, it is surprising that the graphene layer behaves 
differently than bulk graphite. The lowering of the 
coefficient of friction could be due to a reduction of 
the water layer on the sample and on the counter body. 
Moreover the improved stability of the single-layer 
graphene in vacuum sheds light also on the wear 
mechanism in ambient conditions. Since the patches 
of graphene remaining on the wear track after the 
wear process show a much larger size compared to 
tests in air, the absence of oxygen and/or water could 
be the reason of the reduction in ambient conditions 
if we assume a tribochemical wear mechanism.  
Finally anisotropy of the friction on SiC was seen. 
This effect is related to the presence of the terrace 
steps on the surface of SiC (0001) and it is masked by 
the presence of graphene. Indeed no anisotropy was 
found during the tests performed on SiC covered with 
graphene. This is explained with a “carpet behavior” 
of graphene. 
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